Background: Lipid-soluble phosphatidylcholine (PC) and aqueous free choline are absorbed and metabolized differently,
Introduction
Choline is an essential nutrient required for a variety of critical processes, including the synthesis of membrane phospholipids, neurotransmitters, and lipoproteins and methyl group metabolism (1) . Phosphatidylcholine (PC) 6 and free (unesterified) choline make up ;65% of total choline in the diet (2, 3) . Previous research in rodents with use of 14 C-labeled choline metabolites demonstrated differential uptake by tissues between lipid-soluble PC and water-soluble free choline (4) . Approximately 50% of dietary PC enters the lymphatic circulation and reaches the peripheral organs before it reaches the liver. PC is an essential membrane phospholipid and is required for lipoprotein formation and signal transduction (5) . Conversely, water-soluble free choline is absorbed, enters hepatic circulation, and reaches the liver upon first pass (4) , where it can be oxidized to betaine or metabolized to other forms of choline, including PC. Human milk differs in the content of free choline and PC compared with infant formulas (cow-and soy-based) (6) , and it has been demonstrated that serum free choline concentrations in breastfed infants are correlated with total choline, free choline, and glycerophosphocholine (GPC) breast milk concentrations (7) . These findings suggest that the consumption of infant formula or breast milk with different choline compositions can directly alter serum levels in breast-and formula-fed infants.
Maternal choline requirements increase during the postnatal period to enable breast milk to meet the demand by the infant to support developing tissues (8) . Despite increased requirements, our recent cohort study (2) , consistent with others (9, 10) , found that most (90%) lactating women are not meeting current recommendations (Adequate Intake) for choline 3 mo postpartum. In a rodent model, a choline-deficient diet during lactation resulted in the greater depletion of liver choline metabolites compared with nonlactating females, suggesting dams were more sensitive to choline inadequacy during lactation (11) . We have demonstrated that feeding a choline-deficient diet during the lactation period impaired maternal immune function considerably and reduced offspring growth (12) . In a study by Gebhardt and Newberne (13) , offspring from dams fed a diet devoid or marginally deficient in lipotropes (including choline and folate) were more susceptible to infection in early postnatal life, an effect that postnatal supplementation corrected.
Previous studies that examined how essential choline was for immune function and development have focused on providing choline as free choline (the common form of choline in rodent diets). There is some immune system development that occurs during fetal development (14) ; however, the early postnatal (suckling period) is a critical stage in which the acquired immune system expands and matures (15) . Although it seems choline is required in the diet during lactation to ensure optimal immune system development and offspring growth (12, 13) , no studies to our knowledge have examined the roles of different dietary forms of choline on immune system development. Because of the metabolic differences between the 2 most common forms of dietary choline, we hypothesized that they would differentially affect immune function. The objectives of this study were to 1) use an animal model to compare parameters of growth and immune function of offspring at the end of suckling from dams fed diets containing either PC or free choline and 2) use an in vitro study to elucidate the potential effect of an increased supply of lysophosphatidylcholine (lysoPC) as a form of PC on immune cells from young rats.
Methods

Animal experiment
Animals and diets. Female Sprague-Dawley rats at 14 d of gestation (n = 10) were obtained from Charles River Laboratories. All dams were fed a standard rat pellet diet (lab diet 5001; PMI Nutrition International) containing 1 g choline/kg (Harland Teklad) for the duration of pregnancy until 24-48 h before parturition. Dams were then randomly assigned to 1 of 2 isocaloric, isonitrogenous, and nutritionally adequate diets (Supplemental Table 1 ) (16, 17) . Rats were fed ad libitum for the duration of the lactation period until the end of the study (postnatal day 21). Animals had free access to food throughout each 24-h period; feed cups were refilled every 2-3 d.
The diets differed only in the form of choline provided-either free choline in the form of choline bitartrate (Harlan Teklad) or as PC extracted from egg yolks. The 2 diets prepared contained free choline (1 g choline from choline bitartrate/kg diet; choline, n = 5) or choline from the egg PC concentrate for which 92% of the choline was in the PC form (1 g choline from PC/kg diet; PC, n = 5) ( Table 1) . Because the PC provided some lipids, the lipid content and composition were adjusted in the free choline diet to ensure that the diets contained a similar fat content (wt:wt%) and FA composition (Supplemental Table 1 ).
To prepare the PC concentrate, egg yolks were stirred with ethanol (8:1 vol:vol ethanol:yolk) for 2 h and then stored overnight at 4°C. Cold ethanolic solution was then separated from the precipitate by filtration. All moisture was removed from the extract by adding anhydrous sodium sulfate, and finally the ethanol was removed with use of a rotary evaporator. The neutral lipids were largely removed by dissolving the yolk extracts in cold acetone and then removing the acetone from the supernatant with use of a rotary evaporator. Final traces of solvent were removed from PC-rich extracts under vacuum. This procedure resulted in an extract that contained 570 mg/g PC, with smaller concentrations of sphingomylin (20 mg/g) and lysoPC (19 mg/g), contributing to a total choline concentration of 84 mg/g. The choline and phospholipid composition of the egg PC concentrate was analyzed by hydrophilic interaction LC-MS-MS as previously described (18, 19) (Table 1 ). The FA composition of the egg PC concentrate and experimental diets was analyzed by GLC as previously described (20, 21) (Table 1 and Supplemental Table 1 ).
At birth, litters were standardized to 10 pups (5 males and 5 females when possible)/dam. The dietary intake of the dams was recorded throughout the lactation period, and body weight was recorded regularly throughout the study period. The experiment and protocol were reviewed and approved by the Committee of Animal Policy and Welfare of the Faculty of Agriculture, Life and Environmental Sciences at the University of Alberta.
Tissue collection. At weaning (21 d after parturition), 2 pups from each dam were weighed and killed by CO 2 asphyxiation during the morning hours. Spleens were collected aseptically and weighed, and immune cells were isolated for further processing (see Immune cell isolation and phenotype analysis section below). The pupsÕ stomach contents and livers were collected aseptically, weighed, snap-frozen with use of liquid nitrogen, and then stored at 280°C until analysis.
Choline metabolite analyses of pup stomach content, tissue, and plasma. The stomach contents of pups were analyzed to reflect the choline concentration of the damÕs milk and to determine the effect of maternal diet on milk concentration. The choline concentrations of frozen stomach contents, liver, splenocytes, and plasma were quantified by hydrophilic interaction LC-MS-MS as previously described (12, 18, 19 Immune cell isolation and phenotype analysis. Immune cells from the spleen were isolated as previously described (12, 22) . Immune cell subsets present in freshly isolated splenocytes were identified by direct immunofluorescence assay as previously described (22, 23 Ex vivo cytokine production by mitogen-stimulated lymphocytes.
The measurement of cytokine production by mitogen-stimulated splenocytes has been previously described (12, 24) . Concentrations of cytokines IL-1b, IL-2, IL-6, IL-10, TNF-a, and IFN-g were measured in the supernatant from stimulated splenocytes by commercial ELISA kits according to the manufacturerÕs instructions and as previously described (24) . IL-1b was only measured in the supernatant of LPS-stimulated cells. Cytokine concentrations were quantified with use of a SpectraMax 190 microplate reader (Molecular Devices), and all measurements were conducted in duplicates with a CV <10%.
Plasma cytokine concentrations. A Proinflammatory Panel 1 V-PLEX electrochemiluminescent multiplex cytokine kit (Meso Scale Discovery) was used to determine circulating concentrations of cytokines in plasma. Cytokines IFN-g, IL-10, IL-13, IL-1b, IL-2, IL-4, IL-5, IL-6, and TNF-a were measured in the plasma according to the manufacturerÕs instructions. Briefly, on a plate precoated with a capture antibody for each cytokine, standards and samples (50 mL/well) were added in duplicates.
Plates were incubated for 2 h at room temperature on a plate shaker.
Plates were then washed with wash buffer (3 3 PBS with 0.05% Tween 20). A detection antibody was added and incubated for an additional 2 h. Plates were then washed with wash buffer (33) , and Read Buffer was added. Plates were read on the SECTOR Imager 6000 (Meso Scale Discovery), and all measurements were conducted in duplicates.
In vitro administration of lysoPC to splenocytes Spleen tissue was collected as previously described from the 21-d-old offspring of dams (n = 4) fed the free choline diet (Table 1) ad libitum for the duration of the suckling period. Immune cells were isolated as previously discussed and described (22) . A hemocytometer was used to count cells with use of Trypan blue dye exclusion (Sigma-Aldrich Canada) and diluted to 1.25 3 10 6 cells/mL. Splenocytes from the offspring of each dam were then suspended in complete RPMI-1640 culture medium (1.25 3 10 6 cells/mL) (Life Technologies) supplemented with 5% (vol:vol) heat-inactivated fetal calf serum, 25 mmol/L HEPES, 2.5 mM 2-mercaptoethanol, and 1% antibiotic/antimycotic (pH 7.4) (Thermo Fisher Scientific) and placed in 24-well plates. As described previously, another cell aliquot suspended in RPMI-1640 (2.5 3 10 6 cells/mL) complete medium was placed in 96-well plates for the watersoluble tetrazolium salt (WST-1) assay. It was estimated that the RPMI-1640 medium with 5% (wt:wt) fetal calf serum contained 15.9 mM choline. Of the following 2 treatments, 1 was added to the splenocytes: 10 mM 18:1, n-9 (oleic acid; octadecenoic acid; Matreya LLC), control with balanced FA composition, or 10 mM 18:1 lysoPC (1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine; Avanti Polar Lipids Inc.). LysoPC, which is the form of PC most readily taken up by cells in culture (25) , was used to simulate the PC treatment based on our findings that a higher concentration of lysoPC was found in the stomach content of the pups from PC-fed dams. We hypothesized that the higher supply of lysoPC (from PC) may be responsible for the effects on immune function that we observed between diet groups. The concentration of lysoPC used was based on a previous study that demonstrated T cell activation at concentrations between 10 and 100 mM and cell lysis at lysoPC concentrations >100 mM (26) . All cells were cocultured with 5.0 mg/mL mitogenic concanavalin A (ConA) (MP Biomedicals). Cells were incubated for 48 h at 37°C and 5% CO 2 .
After incubation, cells were centrifuged for 10 min at 450 3 g, and supernatants were collected and stored at 280°C until analyses. Immune cell subsets present in postculture splenocytes were identified by direct immunofluorescence, and IL-2 was measured as described previously. The use of 4-color flow cytometry allowed the identification of the following combinations of surface molecules: CD25/CD152/CD8/CD4, CD28/CD152/CD8/CD4, and CD71/CD3/CD8/CD4. Cellular metabolic activity was assessed with use of Cell Proliferation Reagent WST-1 (Roche Applied Science) according to the manufacturerÕs instructions.
Statistical analyses
All data are presented as means 6 SEMs unless otherwise noted. All measurements were conducted in duplicate or triplicate for each pup, and the mean of two pups was used for each dam because the dam was the experimental unit. All data sets were tested for normal distribution with use of a Kolmogrov-Smirnov test. Parametric data were then analyzed for differences with use of a two-tailed t test. Nonparametric data were first log-transformed before analysis, and then a two-tailed t test was performed. In some cases, log transformation of the data did not lead to normal distribution; therefore, groups were analyzed with use of the Mann-Whitney U test. Statistical analyses were performed with use 
Results
Anthropometric characteristics and daily food intake. There were no significant differences in body or organ weights, or intestinal length, in the pups from dams fed choline in the form of PC compared with pups from dams fed choline in the form of free choline (choline) ( Table 2 ). There was no difference in the relative number of splenocytes (number of splenocytes per gram of spleen) between diet groups ( Table 2 ). The mean daily food intake of the dams in each group for the duration of the suckling (21-d) period was 40 6 1 g/d (mean of all dams, n = 10) and did not differ between diets.
Choline metabolites in pupsÕ stomach content. Total choline concentration in the stomach content of pups (representative of breast milk composition) was not significantly different between diet groups. Total choline concentration was 14 6 1.0 mg/100 g and 14 6 1.7 mg/100 g for choline and PC pups, respectively. GPC, phosphocholine, and free choline contribute the largest proportion to total choline ( Figure 1) . The relative contribution of free choline to total choline was significantly higher in the stomach content of pups from the dams fed the free choline diet (P < 0.05), and the relative contribution of lysoPC and GPC to total choline was significantly higher in the stomach content of pups from PC-fed dams (P < 0.05) (Figure 1 ). The betaine concentration was 0.1 6 0.02 mg/100 g (mean of all pups, n = 10) and did not differ between diet groups.
Choline metabolites in pupsÕ plasma. Plasma total choline concentrations were not significantly different between diet groups. However, pups from PC-fed dams had a higher concentration of PC in plasma and a significantly higher plasma total concentration of choline that came from PC compared with pups from free choline-fed dams (P < 0.05) ( Table 3) . Pups from free choline-fed dams had a significantly higher concentration of phosphocholine in plasma and a significantly higher concentration of total choline coming from phosphocholine than did pups from PC-fed dams (P < 0.05) ( Table 3 ). The plasma betaine concentration was 10 6 0.4 mg/mL plasma (mean of all pups, n = 10) and was not significantly different between diet groups.
In vivo splenocyte immune cell phenotypes. Splenocyte numbers were similar between diet groups, and there was a similar distribution of the major T lymphocyte subsets between diet groups, including total T cells (CD3+), helper T cells (CD3+CD4+), cytotoxic/suppressor T cells (CD3+CD8+), and T regulatory cells (CD3+CD4+CD25+forkhead box P3+) ( Table 4 ). In addition, there was no significant difference in the proportion of T cells expressing proliferation and activation markers, including the IL-2 receptor (CD25+) or transferrin receptor (CD71+) (P < 0.05). Compared with pups from free choline-fed dams, pups from PC-fed dams had a significantly lower proportion of total B cells (Ig+ cells, OX12+) (P < 0.05) ( Table 4 ). Pups from PC-fed dams had a significantly lower proportion of activated macrophages (CD68+CD11b/c+) and total cells expressing major histocompatibility complex (MHC) class II (OX6+) (P < 0.05) ( Table 4 ). The remaining phenotypes that did not differ significantly between diet groups are presented as means in footnote 2 of Table 4 .
Ex vivo cytokine production by stimulated splenocytes and plasma cytokine concentrations. After stimulation with the T cell mitogen ConA, splenocytes from pups from PC-fed dams produced 54% more IL-2, 163% more IL-6, and 107% more IFN-g than did splenocytes from pups from free cholinefed dams (P < 0.05) (Figure 2A ). There was no significant difference in IL-10 and TNF-a production after stimulation with ConA between diet groups. Splenocytes from pups from PC-fed dams produced 110% more IL-6 and 43% more TNF-a than did splenocytes from pups from choline-fed dams (P < 0.05) after stimulation with LPS ( Figure 2B ). There was no significant difference in IL-1b and IL-10 production after stimulation with LPS between diet groups, and the concentration of IL-2 was below detectable levels in the supernatant after LPS stimulation. Circulating plasma concentrations of IFN-g, IL-10, IL-13, IL1b, IL-4, IL-5, and IL-6 were all below the limit of detection in the 3-wk-old pups. The mean plasma concentration of TNF-a was present at a very low circulating concentration of 2 6 0.1 pg/mL (mean of all the pups, n = 10) and did not differ between diet groups.
Choline metabolites in pupsÕ spleen. The major forms of choline in the spleen of pups consisted of free choline, GPC, and phosphocholine ( Table 5 ). There was no significant difference in the concentration of total choline in splenocytes between diet groups; however, pups from PC-fed dams had a higher concentration of PC and sphingomyelin (P < 0.05) in the spleen. There was also a higher proportion of choline from PC and free choline in the splenocytes of the PC-fed pups compared with the free choline pups (P < 0.05) ( Table 5 ).
In vitro administration of lysoPC to splenocytes. Splenocytes had a 40% higher rate of proliferation ( Figure 3A) , as assessed with use of the WST-1 assay, and produced 58% more IL-2 ( Figure 3B ) when cultured with lysoPC compared with the control FA (P < 0.05). For the lysoPC-treated splenocytes, there was a higher proportion of helper T cells (CD3+CD4+) and cytotoxic/suppressor T cells (CD3+CD8+) and higher proportion of CD4+CD25+, CD4+CD28+, and CD4+CD71+ cells (P < 0.05) after culture (P < 0.05) ( Table 6 ). There was also a higher proportion of CD8+CD28+, CD8+CD71+, and CD8+CD152+, with CD152+ being the cytotoxic T lymphocyte-associated protein 4, compared with the control (P < 0.05) ( Table 6 ). Of the total proportion of CD8+ cells, there was a significantly higher proportion of the CD8+ population expressing CD25+ (IL-2 receptor), CD28+ (costimulatory molecule), CD71+ (transferrin receptor), and CD152+ (P < 0.05) ( Table 6 ). The remaining phenotypes that did not differ significantly between diets are presented as means 6 SEMs (both groups combined) in footnote 4 of Table 6 .
Discussion
Feeding choline as PC or free choline (choline salt) did not significantly affect the total choline concentration of breast milk (defined by pupsÕ stomach content) or total choline concentration in the spleen or liver (data not shown) of the offspring. This is consistent with an absence of a significant difference in pup weight at the end of suckling. However, altering the form of choline in the maternal diet changed the choline composition in the damÕs milk considerably. Providing choline in the form of free choline in the maternal diet resulted in a higher proportion of total choline as free choline in the damÕs milk. This is consistent with our previous study in which we observed a linear relation between feeding choline as a choline salt and the free choline content in the offspringÕs stomach content (12) . However, this direct relation between dietary form and milk composition was not observed for PC because the proportion of total choline from PC in the pupsÕ stomach content was not different between diet groups. Instead, feeding choline as PC in the maternal diet resulted in a higher proportion of choline coming from lysoPC and GPC. Thus, it is possible that in the mammary gland there is an increased conversion of PC to lysoPC via the action of phospholipase A. This higher lysoPC content in the damÕs milk may have contributed to the observed changes in the choline composition in the offspringÕs plasma and splenocytes. The higher concentration of PC in plasma and splenocytes and higher sphingomyelin concentration in splenocytes of the PC-fed pups could have also provided a larger pool of PC that may have altered the response of the splenocytes. It is possible that the pups could have consumed a small amount of the experimental diets; however, we could not separate the dam from the pups, and the pups had access to the mothersÕ feed cups. If this occurred, then the contribution would have been minimal because the pups from PC-fed dams did not have a higher concentration of PC in the stomach, which would have been predicted had they consumed a large amount of their motherÕs diet. This is the first study to our knowledge to demonstrate that the form of choline in the maternal diet alters both T and B cell responses to immune challenge, suggesting that the choline form modulates the function of the offspringÕs immune system. In vivo, pups from PC-fed dams had a lower proportion of total B cells (Ig+ cells, OX12+) and total cells expressing MHC class II (OX6+). These immune cells are involved in antigen presentation, and the expression of MHC class II complexes on the B cell surface allows interaction with T cells, which activates both B and T cell responses (27) . However, when stimulated ex vivo with the polyclonal T cell mitogen ConA, splenocytes from the offspring of PC-fed dams produced more cytokines IL-2, IFN-g, and IL-6 compared with splenocytes from pups from the choline-fed dams. The ability to proliferate (produce IL-2) when stimulated is among the critical functions that increase during the early postnatal period in rodents (28) and infants (29) . Neonates are also reported to have a reduced ability to produce IFN-g (30, 31); however, pups from PC-fed dams produced 107% more IFN-g. The insufficient production of IFN-g has been associated with a lower protection against infection in newborn infants (32) . In addition, IL-6 production was higher in splenocytes after stimulation in pups from PC-fed dams, but IL-10 production was similar between diet groups. This pattern of cytokines produced by pups from PC-fed dams is in the direction of a T helper 1-type response. At birth, both rodent and human immune systems are characterized by a predominant T helper 2 response (33) . The maturation of the immune system shifts this response toward a T helper 1-dominated response (28) , which is important for mounting an appropriate response to the elimination of bacterial and viral pathogens (34) . In addition, pups from PC-fed dams had a lower proportion of activated macrophages (CD68+CD11b/c+ cells), another type of antigen-presenting cell, and produced 110% more IL-6 and 43% more TNF-a when stimulated with LPS than did pups from choline-fed dams. LPS activates macrophages and other antigen-presenting cells, leading to the activation of innate and acquired immune system responses. It has been demonstrated that PC is required for cytokine production by macrophages after LPS stimulation (35) , suggesting that PC may be the form of choline that assists with the response to LPS compared with free choline. A greater response to mitogen stimulation, with a lower proportion of antigen-presenting cells, suggests a greater functional capacity of the antigen-presenting cells in the pups from PC-fed dams. These cells are capable of activating T cells to mount an appropriate response to both T and B cell mitogens. Plasma circulating concentrations of cytokines were either below the limit of detection or present at very low concentrations in the 3-wk-old pups; therefore, there is no evidence that the immune FIGURE 3 Cell proliferation as measured by WST-1 assay (A) and IL-2 production (B) from rat splenocytes after being cultured for 48 h with the control (18:1, n-9) or lysoPC. Values are means 6 SEMs, n = 8. *Different from control group, P , 0.05. lysoPC, lysophosphatidylcholine; WST-1, water-soluble tetrazolium salt. system was systematically activated (i.e., chronic inflammation). This allows us to conclude that the functional responses we observed in the pups from PC-fed dams resulted from improved immune system development. The differential effects between forms of dietary choline on immune system development are likely attributable to the differences in absorption between water-soluble free choline and lipid-soluble PC. Upon absorption, free choline enters hepatic circulation and is first seen in the liver (4). Conversely, ;50% of dietary PC is deacylated to GPC in the gut lumen and enterocyte and absorbed by the portal vein (36) . The remaining PC enters the lymphatic circulation and reaches the peripheral organs, such as the spleen, before it reaches the liver. LysoPC is readily taken up by tissues and can be utilized in PC synthesis (37) , which likely accounts for the higher PC in plasma and membrane concentrations of the pups in the PC group. As we observed, changes in the concentration of lysoPC in stomach content and PC in plasma and the spleen, we hypothesized that the higher supply of PC, or lysoPC, may be responsible for the effects on immune function that we observed between diet groups. Consequently, we designed an in vitro study in which we provided lysoPC to splenocytes. Although PC was used in the feeding experiment, lysoPC was used in the in vitro experiment because this is the form of PC most readily taken up by cells in culture (25) , therefore representing PC in these conditions. We observed an increased proportion of T cells expressing the markers of activation (CD25 and CD71) as well as the costimulatory molecule (CD28) and cytotoxic T lymphocyteassociated protein 4 (CD152). Similar results have been previously demonstrated in adult human peripheral resting T lymphocytes, indicating that lysoPC activates T cells (assessed by IL-2a expression and thymidine incorporation into DNA) (26) . In this study, splenocytes provided with lysoPC resulted in a greater amount of metabolically active cells that proliferated better (produced more IL-2). PC in the diet could increase the supply of PC in splenocytes, thus activating T cells. It is also possible that lysoPC could have independent effects on T cell activation, although the in vitro experiment does not access the independent actions of lysoPC or PC. Both possibilities support our hypothesis that the higher supply of PC to immune cells may have contributed to the better response to mitogens in the pups from the dams fed choline as PC. It is possible that other components of the PC diet contribute to the changes in immune function observed; therefore, future studies should explore the immune effects of other dietary components, including PC, sphingomyelin, and phosphocholine.
In summary, a lower proportion of cells involved in antigen presentation and higher production of IL-2, IFN-g, IL6, and TNF-a suggests that the immune cells of the pups from PC-fed dams are more efficient at mounting a response to antigens. PC pups appear developmentally more mature than pups from free choline-fed dams, and increasing the supply of PC or lysoPC may be responsible for these effects. This study demonstrates for the first time to our knowledge that providing choline in the form of PC compared with free choline to lactating dams alters the form of choline in the damÕs milk and promotes improved function of the offspringÕs T and B cells.
